We study the collective excitation modes of coupled quasi-one-dimensional electron gas and longitudinal-optical phonons in GaInAs quantum wires within the random-phase approximation. In contrast to the higher-dimensional systems, the plasmon-phonon coupling is found to be strong at all linear carrier densities of interest. We calculate the oscillator strength of the numerically evaluated coupled modes and the Raman scattering intensity. The effect of phenomenological LO-phonon broadening on the collective excitation spectrum is also investigated.
I. INTRODUCTION
In a degenerate polar semiconductor, such as n-type GaAs, the longitudinal optical ͑LO͒ phonons of the underlying lattice couple to the free carriers in the system. Macroscopically, the electric dipole moment associated with LO phonons couples with the electric field of the collective charge oscillations ͑plasmons͒. On a microscopic level the electron-LO-phonon interaction results in a many-body renormalization of the collective modes as well as various other single-particle properties of the free carriers. The coupled collective excitations in doped semiconductors are experimentally probed by such methods as Raman scattering, energy-loss spectroscopy, and transport measurements. The plasmon-phonon coupling in GaAs has been studied extensively by Raman scattering. 1 The ternary compound GaInAs, on the other hand, is a two-mode system and has been found suitable for electronic device applications such as high electron mobility transistors, heterojunction bipolar transistors, and for optoelectronic applications like photodetectors and lasers. 2 A vast amount of research activity [3] [4] [5] [6] on this and related materials reflects the potential in such possibilities.
In this work, we study the coupled plasmon-LO-phonon modes of a GaInAs-based quantum wire system within the random-phase approximation ͑RPA͒. The main motivation is to explore the interplay between the quasi-one-dimensional ͑Q1D͒ character of the charge carriers and the various phonon modes in the system, which is expected to yield a strong mode coupling. Q1D electron systems as they occur in semiconducting structures are based on the carrier confinement in transverse directions, causing the electrons to move freely in one space direction. The chief motivation for studying these low-dimensional systems comes from their technological potential such as high-speed electronic devices and quantumwire lasers. Work on coupled plasmon-phonon modes in Q1D GaAs systems has revealed many interesting properties. 7 Specifically, GaInAs quantum wires are beginning to be manufactured. 8 Other than the practical implications, electrons in Q1D structures offer an interesting manybody system for condensed-matter theories.
The rest of this article is organized as follows. In Sec. II we outline the model of a quantum-wire structure and the calculation of coupled plasmon-phonon modes in GaInAs. Our results for the dispersion and spectral properties of the collective excitations are provided in Sec. III. We conclude with a brief summary.
II. PLASMON-PHONON COUPLING
We calculate the total longitudinal dielectric function T (q,) of the Q1D electron gas at zero temperature in a polar semiconductor with two LO-phonon modes. The collective modes of the system will be given by the poles of Re͓ T (q,)͔ϭ0, in the region where Im͓ T (q,)͔ϭ0. Within the ͑RPA͒ the polarizabilities of the phonon and electron subsystems are additive and we express the total dielectric function as
where ph () is the phonon part of the dielectric function, V(q) is the Coulomb interaction between the electrons, and 0 (q,) is the complex dynamic susceptibility for the noninteracting system. 9 Note that we do not make the large frequency approximation to 0 (q,). Using bulk, dispersionless phonon modes the phonon part ph is given by 10, 11 ph ͑ ͒ϭ1Ϫ
͑1͒
In the above, LO and TO denote the InAs-like phonon modes, whereas LO Ј and TO Ј denote the GaAs-like phonon modes. We have also added a phenomenological phonon damping term characterized by ␥. Letting ␥→0 renders ph () purely real. For the Q1D electron gas, we consider a cylindrical wire with radius R and infinite potential barriers. 12 The electrons are embedded in a uniform positive background to maintain charge neutrality. We treat the electron system as a Fermi liquid, i.e., with a well-defined Fermi surface at zero temperature and interaction via Coulomb potential, 13 which seems to be supported by the experimental observations 14 of collective excitations in GaAs quantum wires. The linear electron density N in the wire is related to the Fermi wave vector by Nϭ2k F /. We also define the dimensionless electron gas parameter r s ϭ/(4k F a B *), in which a B *ϭ⑀ ϱ /(e ducting wire with high-frequency dielectric constant ⑀ ϱ and electron effective mass m*. The Coulomb interaction potential in the quantum wire system is given by 12 V͑q ͒ϭ e
͑2͒
where I n (x) and K n (x) are modified Bessel functions. We note that the choice of a cylindrical geometry is largely immaterial since the obtained results are qualitatively similar to those using different quantum wire models. 7 For more realistic structures self-consistent calculations could be employed to determine the Coulomb potential. 15 We assume that only the lowest subband in the quantum wire is occupied. This will hold as long as the difference between the second and first subbands, ⌬ 21 remains much larger than the temperature T ͑we take Boltzmann constant k B ϭ1).
The collective charge excitations of an uncoupled quantum wire system ͑electronic part only͒ at zero temperature is given by ͓q, pl (q)͔ϭ0. At Tϭ0, one obtains
where Ϯ ϭ͉q 2 /2m*Ϯqk F /m*͉, and F(q)ϭ(q/m*)/ V(q). The long-wavelength limit of the plasmon dispersions ͑in the RPA͒ are given by 12, 16 
where r s ϭ1/(2Na B *) is the electron gas parameter. The above result follows from the high-frequency expansion of the 1D polarizability and small q limit of the Coulomb potential.
III. NUMERICAL RESULTS AND DISCUSSION
We evaluate the coupled plasmon-LO-phonon modes in the GaInAs quantum wire system by solving for the zeros of Re͓ T (q,⍀ q )͔ϭ0. Specializing to the compound Ga x In 1Ϫx As where xϭ0.47, we use the values LO ϭ233 cm Ϫ1 and TO ϭ226 cm Ϫ1 for the InAs-like LO and TO modes, and LO Ј ϭ272 cm Ϫ1 and TO Ј ϭ256 cm Ϫ1 for the GaAs-like LO and TO modes, respectively. 10, 11 The effective mass of electrons is taken to be m*ϭ0.047m e . Altogether we find four modes: ⍀ q (1) and ⍀ q (2) refer to the GaAs and InAs-like coupled modes, whereas ⍀ q (3) and ⍀ q (4) are coupled plasmon modes. Figure 1 shows the calculated coupled and uncoupled modes for the linear carrier densities Nϭ5ϫ10 5 cm Ϫ1 ͓Fig. 1͑a͔͒ and Nϭ10 6 cm Ϫ1 ͓Fig. 1͑b͔͒ in a quantum wire with radius Rϭ100 Å. The LO-phonon modes and plasmon excitations for the coupled system are shown by the solid lines. We find that the GaAs-like coupled phonon mode starts off at a slightly higher energy that the uncoupled LO Ј which is indicated by the topmost horizontal dashed line. The InAs-like phonon mode, on the other hand, is slightly lowered in energy for small q values compared to LO . Both coupled phonon modes increase with increasing q until they reach the particle-hole ͑p-h͒ continuum defined by the shaded area, after which they are Landau damped and their energy decreases. We also note that the coupled phonon modes never cross the respective TO-phonon frequencies. In Fig. 1 the low-energy excitations ͑shown by the solid lines͒ belong to the coupled plasmons. For comparison the uncoupled plasmon mode 12, 16 is indicated by the dashed line and it asymptotically approaches the upper boundary of the particle-hole excitation region. For the uncoupled system, this mode becomes the one that lies outside the p-h continuum. For small q,
where the uncoupled plasmon mode pl (q) is given in Eq. ͑4͒. It undergoes Landau damping at a critical wave vector q c ͓q c Ϸ1.5k F and 0.5k F in Figs. 1͑a͒ and 1͑b͔͒ , respectively͒ as it enters the p-h continuum. It is evident from Figs. 1͑a͒ and 1͑b͒ that mode coupling is strong at both densities and at wave vectors away from the resonance where the uncoupled plasmon mode equals LO or LO Ј . Such a strong 1D plasmon-phonon coupling is a consequence of the logarithmic singularity in the 1D polarizability, 9 which makes it possible for the uncoupled plasmon mode to exist for all wave vectors. The other plasmon mode which lies inside the p-h region is heavily damped for all wave vectors. This led Hwang and Das Sarma 7 ͑in a different but related context͒ to coin ⍀ q (3) to be the true coupled plasmon mode, and to dismiss ⍀ q (4) altogether on the grounds that it would be unobservable. In general, the wave vector dependence of the collective excitations we obtain is qualitatively similar to that found 11 for GaInAs heterostructures. In order to better assess the relative importance of the collective modes in a GaInAs quantum wire system, we calculate the oscillator strength given by
.
͑5͒
In Figs. 2͑a͒ and 2͑b͒ we show the oscillator strength A(q) for densities Nϭ5ϫ10 5 cm Ϫ1 and Nϭ10 6 cm Ϫ1 , respectively. We observe that for all wave vectors most of the weight is carried by the GaAs-like LO-phonon mode (⍀ q (1) , denoted by the dashed line͒ where its weight gradually increases until it enters the p-h region. The InAs-like FIG. 1. The dispersion of coupled ͑solid lines͒ and uncoupled ͑dashed lines͒ plasmon-phonon modes in GaInAs quantum wire with radius Rϭ100 Å, and for carrier densities ͑a͒ Nϭ5ϫ10 5 cm Ϫ1 and ͑b͒ Nϭ10 6 cm Ϫ1 . The region bounded by the dotted lines shows the particle-hole continuum for a 1D system. coupled mode (⍀ q (2) ) is represented by the dotted-dashed line and it carries a relatively smaller weight. That the InAslike mode is very weak has been observed in p-type GaInAs samples. 5 The solid line shows the oscillator strength for the true plasmon mode ⍀ q (3) which vanishes as the mode enters the Landau damping region. The second plasmon mode ⍀ q (4) which is heavily damped is denoted by the dotted line, and it has the smallest weight.
The dynamic structure factor S(q,), which gives the spectral weight of the collective modes and single-particle excitations, is a central quantity 17 in light-scattering experiments. The various peaks in S(q,) are associated with the collective excitation energies. S(q,) is proportional to the imaginary part of the inverse dielectric function, and in Fig.  3 we display Im͓ T Ϫ1 (q,)͔ as a function of for Nϭ10 6 cm Ϫ1 and Rϭ100 Å. We expect to see peaks corresponding to the coupled phonon and plasmon modes, as well as the contribution from the single-pair excitation region. As the previous oscillator strength analysis reveals the heavily damped second plasmon mode ⍀ q (4) should not show any significant weight. In Fig. 3 curves from bottom to top indicate q/k F ϭ0.2, 0.4, 0.6, 0.7, and 0.8, respectively. As the wave vector q is increased the low-energy peak which is the contribution from the single-particle excitations moves toward higher energies and its width broadens. The ␦-function peaks of the collective excitations are indicated by arrows.
The influence of a finite relaxation time for the unperturbed phonon modes on the energy-loss function is depicted in Fig. 4 for ͑a͒ qϭ0.4k F and ͑b͒ qϭ0.7k F , for Nϭ10 6 cm Ϫ1 . The solid curve corresponds to the result without broadening and the dotted curve is the energy-loss spectrum in the presence of phonon broadening with a typical value of ␥ϭ0.05E F . The spectrum is not appreciably altered for the single-particle excitation region ͑broad low-energy peak͒ but the sharp LO-phonon modes are smoothed. The locations of the collective modes in the absence of phonon broadening are indicated by arrows of which the spectral weights may be read off from Fig. 2 . Furthermore, at the TO-phonon frequencies ͑indicated by thin vertical lines͒ the spectrum attains finite values because of the broadening.
The frequency of the collective excitations are often measured as a function of the electron density N at a fixed wave vector. Since the long-wavelength limit is most easily accessible experimentally, we choose qϭ0.2k F to show the density dependence of the coupled modes in Fig. 5 . The top two curves represent the ⍀ q (1) and ⍀ q (2) , respectively, and the bottom curve the coupled plasmon mode ⍀ q (3) . For comparison the uncoupled LO-phonon modes and the plasmon mode are also shown by the dashed lines. There are several noteworthy features. The frequency of the InAs-like coupled mode varies very little with the linear carrier density. The GaAs-like mode exhibits a peak around NϷ2.4ϫ10 Ϫ1 . Although the uncoupled plasmon mode seems to exist for all densities, the coupled plasmon mode ceases to exist for NϾ1.6ϫ10 6 cm Ϫ1 . This critical density corresponds to the value of ⍀ q (3) where it approaches the uncoupled InAs TO-phonon frequency.
We now remark on some aspects of the present work. We have based our mode-coupling analysis in Q1D electron systems on the RPA. For the densities of experimental interest, Nϳ10 5 -10 6 cm Ϫ1 (r s ϳ1 -5), this mean-field approximation should be valid. The reason for the remarkable applicability of the RPA is attributed to the limited phase space in Q1D systems compared to higher dimensions. 7, 13 In GaAsbased quantum wires, measured collective excitations are readily interpreted within the RPA.
14 Although our calculations for the dispersion relations and Raman scattering intensities of coupled plasmon-phonon modes were for an n-type GaInAs, similar analysis can be made for a p-type GaInAs where, owing to the larger effective mass of holes, plasmon damping effects are expected to be important. 5 It would also be possible to calculate the inelastic scattering rate 7, 13 of electrons ⌫ q ϭ͉Im ⌺(q,⑀ q )͉, for the Q1D GaInAs quantum wire using our results for the dielectric function in the self-energy expression ⌺(q,). In this work we have considered the coupling between Q1D electrons and bulk phonon modes only. The interface phonon modes are likely to change the coupled mode excitations discussed here, in particular at smaller wire radii Rϳ50 Å. The phonon part of the dielectric function ph in the presence of interface phonon modes with dispersion would then need to be modified using standard techniques. 17 In summary, we have investigated the coupled plasmonphonon modes in a GaInAs quantum wire system within the RPA at zero temperature. We have calculated the dispersion and spectral weight of the coupled collective excitations. Similar to the GaAs quantum wires, we found the modecoupling effect to be strong at all densities and wave vectors of practical interest in contrast to the corresponding higherdimensional cases.
